An unexpectedly high number of regulatory RNAs have been recently discovered that fine-tune the function of genes at all levels of expression. We employed Genomic SELEX, a method to identify protein-binding RNAs encoded in the genome, to search for further regulatory RNAs in Escherichia coli. We used the global regulator protein Hfq as bait, because it can interact with a large number of RNAs, promoting their interaction. The enriched SELEX pool was subjected to deep sequencing, and 8865 sequences were mapped to the E. coli genome. These short sequences represent genomic Hfq-aptamers and are part of potential regulatory elements within RNA molecules. The motif 5 0 -AAYAAYAA-3 0 was enriched in the selected RNAs and confers low-nanomolar affinity to Hfq. The motif was confirmed to bind Hfq by DMS footprinting. The Hfq aptamers are 4-fold more frequent on the antisense strand of protein coding genes than on the sense strand. They were enriched opposite to translation start sites or opposite to intervening sequences between ORFs in operons. These results expand the repertoire of Hfq targets and also suggest that Hfq might regulate the expression of a large number of genes via interaction with cis-antisense RNAs.
INTRODUCTION
Systematic searches for functional RNAs in both prokaryotes and eukaryotes have revealed an astonishingly high number of regulatory RNAs in a variety of organisms. Computational predictions (1) (2) (3) (4) and cDNA-based experimental strategies (5-8) have been successfully employed to identify over 100 small RNAs (sRNAs) in Escherichia coli and many other bacteria. Most of these sRNAs are transcribed from intergenic regions in response to environmental stress, act in trans and show only short and partial complementarity to their target mRNAs (9, 10) . Most sRNAs are regulatory molecules targeting mainly mRNAs, but also protein activities can be regulated (11) . Regulation of gene expression by sRNAs occurs mainly by modulation of translation and/or stability of the target mRNAs (11) . Many of the E. coli sRNAs require the regulatory protein Hfq for function (12, 13) .
The E. coli host factor Hfq was originally described as essential factor for the replication of the RNA phage Qß (14) . Escherichia coli hfq mutants display a very broad phenotype, because Hfq is involved in regulating the expression of many regulatory genes (15) . For example, Hfq regulates the expression of the rpoS gene, which codes for the stationary phase sigma factor s S (16) ; it controls the stability of several mRNAs (17, 18) and small regulatory RNAs (sRNAs) (9, 19) ; and it is involved in the riboregulation of mRNAs (20) (21) (22) . In addition, Hfq was shown to act as a virulence factor in several bacterial pathogens (23) (24) (25) . Hfq is an Sm-like protein, which assembles into a ring-shaped homo-hexamer and stimulates RNA-RNA interactions (21, (26) (27) (28) (29) . Hfq was shown, for example, to accelerate the association of the small regulatory RNA DsrA with its target mRNA rpoS (30) (31) (32) (33) . Because of Hfq's characteristics and its role in the modulation of small RNA function, it is a perfect candidate for the isolation of novel regulatory RNAs and it has already been used to pull down RNAs via co-immunoprecipitation (6, 32, 34) . Hfq exerts many functions in the cell and is viewed as a general and pleiotropic regulator. However, the functions of Hfq are still elusive in many organisms. Hfq is not essential for growth, but the adaptation to changing environmental conditions is hampered in the absence of Hfq.
RNA-mediated regulation most often concerns downregulation or complete silencing of genetic elements. If Hfq is controlling, among many other things, the repression of genes, then repressed genes might be targets of Hfq. In order to assess further functions of Hfq, we developed an alternative and complementary approach to search for additional Hfq-binding RNAs, independent of their expression levels. Instead of relying on enriching transcripts from cell extracts, our SELEX-based approach detects regions of the genome that encode RNA domains binding Hfq with high affinity irrespective of their expression. SELEX has been used extensively in the 90's before whole genomes were sequenced, but today, with so many available genomes and with the development of massive sequencing techniques, Genomic SELEX has the potential to become a major alternative approach for the detection of functional and/or regulatory elements within RNAs, even when these are not transcribed. We have recently evaluated the SELEX procedure aiming at analysing the impact of SELEX-specific non-selective steps on the selected RNAs (35) . In that study, we concluded that the SELEX-imposed requirements on the sequences are much weaker in comparison to the enrichment of genomic aptamers, when specific characteristics confer high-affinity interactions.
Using an E. coli genomic library and the global regulator protein Hfq as bait, we performed nine rounds of SELEX and the enriched pool was subjected to 454 sequencing. The vast majority of the identified Hfq aptamers map to the antisense strand opposite of translation initiation sites and in intervening sequences between ORFs in operons. In silico and chemical footprinting analyses revealed sequence motifs that are significantly enriched in antisense strands of the E. coli genome. We demonstrate that Genomic SELEX combined with pyrosequencing and rigorous analysis is a powerful approach to identify regulatory RNAs motifs termed 'genomic aptamers'. We propose that Hfq might regulate gene expression by targeting cis-antisense RNAs more frequently than hitherto assumed.
MATERIAL AND METHODS

Genomic SELEX
Via random priming, we constructed a representative PCR library of the E. coli genome containing overlapping sequences from 50 to 500 nt in length. Library fragments are flanked by primer annealing sites for amplification and are preceded by a T7 promoter for transcription of the library into RNA (36) .
For selection of Hfq-binding RNAs, we incubated Hfq with the respective RNA pool for 30 min at room temperature using near-physiological buffer conditions (150 mM NaCl, 0.8 mM MgCl 2 , 0.5 mM DTT and 50 mM Tris-HCl pH 7.5). Subsequently, we employed filter binding to separate bound from unbound species, recovered Hfq-binding RNAs via urea-mediated denaturation followed by phenol/chloroform extraction and amplified selected sequences via RT-PCR (35) . For the next SELEX cycle, obtained PCR products were again in vitro transcribed into RNA.
Yeast three-hybrid system
We used the yeast three-hybrid system, as described by Bernstein et al. (37) , to evaluate Hfq-RNA binding in a cellular environment. Therefore plasmids pIIIa-MS2-2-RNAX, expressing the hybrid MS2-RNA sequences, and pACT2-HFQ, expressing an HfqGal4AD fusion protein, were transformed into the yeast strain YBZ-1. HIS3 and lacZ, encoded by YBZ-1, served as reporter genes to monitor Hfq-RNA binding as well as to estimate the strength of the interaction. Hfq-independent reporter gene activation was assessed by eliminating pACT2-HFQ from YBZ-1, followed by a second b-gal assay.
E. coli strains and growth conditions
In this study, E. coli wild-type strains B and K12 MG1655 were used. Cells were grown at 37 C under the following conditions: exponential phase-growth in LB to OD 600 0.4; stationary phase-growth in LB 16-18 h; acidic stress-growth in LB to OD 600 0.4, addition of [2-(Nmorpholino)ethanesulfonic acid] (MES) to a final concentration of 170 mM, growth for another 40 min; oxidative stress-growth in LB to OD 600 0.4, addition of H 2 O 2 to a final concentration of 80 nM, growth for another 15 min; M9: growth in M9 minimal medium supplemented with 0.2% glucose to OD 600 0.4; hyperosmotic stress: growth in M9 minimal medium supplemented with 0.4% glycerol to OD 600 0.4, addition of NaCl to a final concentration of 300 mM, growth for another 20 min.
RNA isolation and RT-PCR
For total RNA isolation hot-phenol procedure was used as described by Jahn et al. (38) Alternatively, thaw-freeze protocol was used. Briefly, cells were harvested by centrifugation and resuspended in VD buffer (10 mM Tris/HCl, pH 7.3, 60 mM NH 4 Cl, 6 mM b-mercaptoethanol, 2 mM MgAc) with the addition of 0.4 mg/ml of lysozyme and 50 U DNaseI (NEB). After incubation on ice for 30 min, three to four cycles of freezing and thawing followed. Lysates were cleared by centrifugation and RNA extracted by conventional phenol-chloroform extraction followed by ethanol precipitation. Total RNA was treated with DNaseI (NEB) as recommended by the manufacturer.
Expression analysis and primer walking were performed using One Step RT-PCR Kit (Qiagen). Manufacturer's instructions were followed except that 2-4 mg of total RNA was used. Strand specificity of reactions was provided by adding only reverse primer into the RT reaction and forward primer was added immediately prior to PCR. Absence of DNA contamination was confirmed for each reaction by omitting the addition of any primer into the RT step of the reaction. Primers for primer walking were designed to map down-and up-stream from the Hfq binding region in a stepwise manner giving products increasing in size. For reverse transcription primers as-cydD-R1 (5
0 ) and as-cydD-R4 (5 0 -GCGTTTTTATCCT CCGGCATTC-3 0 ). Primers used for subsequent amplification were as-cydD-F1 (5
RNA preparation for structural probing
Standard PCR was applied to produce templates from three different loci of E. coli K12 genomic DNA using the following primer sequences: ptsLfow1:
Underlined nucleotides indicate the T7-promoter sequence. The PCR products were used for in vitro RNA transcription according to the user manual's guidelines of the RNA MaxX High Yield Kit (Stratagene). The RNAs were purified on an 8% denaturing (7 M Urea) PAGE in 1Â TBE (89 mM Tris base, 89 mM Boric acid, 2 mM EDTA pH 8.0), eluted into 1Â elution buffer (40 mM MOPS pH 6.0, 1 mM EDTA pH 8.0, 250 mM NaOAc pH 5.0), precipitated and resuspended in ME buffer (10 mM MOPS pH 6.0, 1 mM EDTA pH 8.0) to be stored at À20 C.
In vitro DMS modification
RNA structure determination was performed in the presence of increasing amounts of MgCl 2 in a total volume of 50 ml. The RNA (2 pmol) in 10Â binding buffer (final concentration: 80 mM Cacodylic acid buffer pH 8.0, 150 mM NaCl) was denatured at 95 C for 1 min and after 2 min at room temperature MgCl 2 was added to a final concentration of 0, 1, 10 mM. The RNA was incubated at room temperature for 20 min to ensure correct folding before the treatment with dimethysulphate, (DMS, 21 mM final concentration). The modification reaction was left to proceed for 20 min at room temperature and was stopped by addition of b-mercaptoethanol (57 mM b-ME final concentration). After precipitation, the sample was resuspended in 6 ml ddH 2 O to be used for reverse transcription. For Hfq footprinting assays the standard protocol was slightly adapted, starting with an input of 4 pmol RNA in 10Â binding buffer with DTT (0.5 mM DTT final concentration) but identical denaturing and folding procedures. Then Hfq (final concentration 400 nM or 1.2 mM Hfq 6 ) was added to the sample and incubated for 30 min at room temperature prior to DMS and -mercaptoethanol treatment as described above. The samples were subsequently purified by phenol extraction, ethanol precipitated and resuspended in 6 ml ddH 2 O for primer extension. DMS (1 pmol) modified or untreated RNA was subjected to reverse transcription. 5 0 -end labelled oligonucleotides ( 32 P-g-ATP by Hartmann Analytics; PCR reverse primers were used) were used for primer extension experiments described in ref. (39) and the samples were subsequently separated on 8% denaturing polyacrylamide gel (7 M urea) and detected using the Storm Phosphoimager (Molecular Dynamics) and Image Quant.
Electrophoretic mobility shift assays
In vitro transcribed and gel purified RNAs were 5 0 -end labelled with g-32 P-ATP. Labelled RNA (0.01 nM) was incubated at room temperature for 30 min in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 8 mM MgCl 2 and 0.5 mM DTT with various amounts of Hfq 6 as indicated. RNA-protein complexes were separated on 5% native polyacrylamide gels over-night at 3 V/cm and 4 C. Gels were dried and visualized on a Phosphoimager and quantified using the software ImageQuant1.4. Primers used to clone and transcribe RNA were as for structural probing.
Quantitative RT-PCR
Reverse transcription was performed with 2 mg of total RNA isolated from exponential phase or acidic stress using Omniscript RT Kit, Qiagen. Briefly, RNA was mixed with 1 mM RT-primer, 0.5 mM dNTPs, 10 U RNasin, Promega, 3 U reverse transcriptase and 1Â buffer in total volume of 20 ml. Reaction was incubated at 50 C for 30 min followed by enzyme inactivation at 95 C, 15 min. Absence of genomic DNA was confirmed by omitting addition of the enzyme in the RT-reaction. To test absence of unspecific cDNA synthesis, no primer control (NPC) was introduced in which addition of any primer in RT reaction was omitted.
Quantitative PCR was done with Mesa Green qPCR MasterMix Plus for SYBR, Eurogentec on an Abi Prism 7000 machine. Briefly, 1 ml of RT reaction was mixed with 0.1 mM primers and 1Â master mix in total volume of 25 ml. All experiments were repeated twice from two independent RNA preparations. All reactions were performed in three technical replicates. RNA copy number was estimated from the standard curve created from series of corresponding PCR products of known starting concentration.
Reverse transcription of sense transcript was obtained using
and htrG-R (5 0 -TAAGTTGTTTCAACGGGATCCA-3 0 ) primers, while reverse transcription of antisense transcript was preformed using primers cca-F (5 0 -CGTCGCGATCT GACCATTAA-3 0 ) and htrG-F (5 0 -CGGCGAGGAAGT GACCTTATT-3 0 ). For subsequent amplification of cca and htrG amplicon primers cca-R and cca-F, and htrG-R and htrG-F were used, respectively. All primers were designed using Primer Express software.
Sequencing and computational analysis
The sequences from round 9 of Hfq selection and round 9 of a control neutral selection were tagged and sent to 454 sequencing among other pools as described in Zimmermann et al. (submitted). In total, 9991 and 5894 of these sequences were identified as deriving from round 9 of Hfq and control selection, respectively. Primer and T7 promoter sequences were removed. These sequences were then aligned to the E. coli K12 genome (GenBank accession NC_000913) using vmatch (40) , taking only alignments with an E-value of at most 1eÀ10, leaving 8865 Hfq sequences and 5853 control sequences.
All sequences were analysed for overlap and orientation to known features, based on all available annotations from GenBank (41) and EcoCyc (42) . Clusters of reads were computed by grouping all overlapping sequences, including sequences linked by a third sequence, and not overlapping. Base-level enrichment for each type of feature (CDS sense, CDS antisense, etc.) was calculated by summing the number of aligned reads that overlapped the feature at each position of the feature. Start and stop codon positional enrichment was calculated by summing the number of reads overlapping each position up-and down-stream of every translation signal, and dividing the number of reads at each position from the Hfq sequences by the control sequences. The enrichment was visualized using R (43) .
For minimum free energy predictions (MFE), we used Zuker's algorithm (44, 45) and the partition function algorithm by McCaskill (46) , which calculates base pair probabilities in the thermodynamic ensemble as implemented in version 1.6.5 of Vienna RNA Package RNAfold (47) . For visualizations of the secondary structures several options of the Vienna RNA packages were helpful (http://www.tbi.univie.ac.at/$ivo/RNA).
RESULTS
Genomic SELEX for the isolation of RNAs with high affinity to Hfq
We constructed an E. coli genomic library (36, 48) , which we used to isolate and identify highaffinity Hfq-binding RNAs. This library was transcribed into RNA and used for several consecutive cycles of SELEX for enrichment of Hfq-binding RNAs via filter binding as described in the 'Materials and Methods' section ( Figure 1A ). We selected high affinity Hfq-binding RNAs over 9-10 iterative SELEX cycles, applying increasingly stringent conditions ( Figure 1B ). Then we cloned and sequenced a total number of 112
RNAs resulting from cycles 8 (minus competitor) and 9 (plus tRNA competitor).
To investigate whether in vitro-selected sequences bind Hfq in a cellular environment, we introduced RNAs resulting from SELEX cycle 8 into the yeast three hybrid system (37) and monitored Hfq-binding via expression of the reporter genes HIS3 and lacZ ( Figure 1C ). Both tolerance to 3-AT (3-aminotriazole is a competitive inhibitor of the HIS3 gene product) and speed and intensity of colour development in the lacZ assay are indicators of the strength of Hfq-RNA interactions. We picked and sequenced 58 clones, which showed dark blue staining. As all clones investigated were able to activate lacZ in an Hfq-dependent manner, we conclude that in vitro selected RNA sequences do bind to Hfq in a cellular environment.
Initial sequencing of the 170 clones derived from the different three pools enriched from Genomic SELEX and yeast three-hybrid revealed 108 unique RNAs overlapping in all three pools. Most surprising was the observation that the vast majority (85) mapped antisense to protein coding genes, only nine mapped to intergenic regions and 14 within mRNAs. These results clearly show that the sequences were not exhausted and most importantly, known Hfq-binding RNAs were not detected. We therefore performed deep sequencing using the 454 technique. Since some of the sequences were shared among the three pools, we chose only to sequence the SELEX pool of cycle 9.
After eliminating the primers and those reads that did not match to the E. coli genome unambiguously, 8865 reads were mapped to the E. coli genome. Each read was grouped into a cluster based on overlap with other reads. In Figure 1D , the bar demonstrates the number of reads contained in cluster regions of the genome. One thousand and five hundred and twenty-two individual clusters were obtained. Among these clusters, approximately half (775) contain only one read, which we take as an indication that the sequencing is still not exhausted. Table 1 lists those clusters that contained more than 50 reads. The chromosomal location and the function of the gene product are indicated. It is worth mentioning that most of the enriched aptamers are antisense to genes coding for proteins involved in the cell's interaction with the environment. The most highly enriched aptamers map to the universal stress protein gene (upsG), enterobacterial common antigen (ECA), transporters and membrane proteins.
Analysis of deep sequenced SELEX pool 9
We evaluated the selection outcome by comparing the selected sequences with known Hfq-binding RNAs, both sRNAs and mRNAs and their targets. We obtained three known sRNAs, Tpk70, OmrA/B and GcvB and the targets of two of these sRNAs, ompT mRNA targeted by OmrA/B and argT and dppA mRNAs targeted by GcvB (49, 50) . We also obtained reads mapping to two tRNAs, hisR and leuV. Hfq had been reported to bind tRNAs (51) . The following known Hfq-binding mRNAs were selected, thrL, yjbJ, glpFK and glgT mRNAs. Also targets of sRNAs known to bind Hfq are present in our selected pool, for example the glmSU mRNAs, which are up-regulated by the sRNAs GlmZ and GlmY (52) . In addition, five mRNAs were obtained, which are regulated by sRNAs and hence might also interact with Hfq: tna and gadX mRNAs targeted by the GadY sRNA, rbsD mRNA (DsrA), sdh mRNA (RhyB) and fhlA mRNA (OxyS).
We further compared our sequences with RNAs found to be differentially expressed in Hfq-depleted cells and hence thought to be regulated by Hfq directly or indirectly. Fifty two of our clusters are among the down-regulated and 42 among the up-regulated genes in the microarray analysis of Hfq-depleted cells (53) . For example, the mRNA of one of our strongest hits, the ptsL/manX asRNA, is 8-fold down-regulated in the absence of Hfq, whereas the ygiM/cca mRNA is 4-fold up-regulated.
From these results, we conclude that the enrichment of Hfq-binding RNAs was successful, and that we obtained a large but non-exhaustive number of Hfq-binding aptamers, which map precisely to the E. coli genome. Many of the most abundant and best known Hfq-binding small RNAs have not been enriched. This might be due to a lower affinity of these RNAs to Hfq than the low nanomolar affinity of the selected aptamers, or due to secondary-structure elements, which often lead to reverse transcriptase stops.
Identification of Hfq-binding motifs
To discover a possible common motif in the Hfq-binding sequence data, the sequences were subjected to motif recognition. We have excluded all clusters with less than two reads, to ensure that we do not include any artefacts in the motif search. The remaining clusters had an average sequence length of 90bp. For this collection of clusters, MEME (version 4.1.1) (54,55) was applied with the default option, searching the given strand only and a model which assumes zero or more motif occurrences per sequence (TCM). Based on the initial results, we reran MEME again with fixed length 7, 8 and 11 nt (Figure 2 , A-C, respectively). The following motifs were determined as most significant: 5 0 -AYAATA-3 0 with an E-value of 7.00eÀ04 and 5
0 -AAYAAYAA-3 0 with an E-value of 1.8eÀ05, where Y represents pyrimidines (C or U). Both motifs are included in the 11-mer motif with an E-value of 3.4eÀ17 ( Figure 2 ). The representation of these related motifs within E. coli was analysed. The 7-mer was found 365 times within protein coding genes and 712 times on strands opposite to protein coding genes. Hence, the factor of the 7-mer motif for asRNAs over mRNAs is 1.95. The antisense/sense ratio for the 8-mer motif is 1.3. Figure 2 . Hfq-binding motif(s). Predicted Hfq-binding motifs determined by MEME (52, 53) as most significant on a remaining cluster set with at least three reads in one cluster. The height of a letter at the given position (x-axis) indicates the frequencies scaled relative to the information content (measure of conservation) at each position. MEME was run with fixed motif length (A) 7nts, (B) 8 nts and (C) 11 nts.
Determination of the Hfq-binding motif by DMS footprinting
To confirm that the predicted Hfq-binding motif is indeed the binding site for Hfq, we determined the interaction site of Hfq in the aptamers by dimethylsulphate (DMS) footprinting. This chemical reagent methylates the N1 position of adenosine and the N3 position of cytosine, in case they are accessible. DMS structural probing was performed for the three selected sequences from the cca asRNA, ptsL/manX asRNA and icIR mRNA. First, the secondary structures of the Hfq-binding aptamers were analysed by computational prediction via calculation of the MFE structure and the base pairing probability matrix to take suboptimal structures into account (RNAfold program of the Vienna RNA package, 5). Figure 3A shows as an example of the DMS footprinting data for Hfq binding for the cca asRNA. Acrylamide gels were quantified ( Figure 3B ) and protected bases are marked by green dots, whereas enhancements of DMS modification upon Hfq binding are indicated in orange. The secondary-structures probed by DMS were plotted to the secondary-structure predictions of RNAfold (Figures 3C-E) . The DMS pattern of all RNAs shows distinct differences upon incubation with Hfq, both protections and enhancements could be observed. The cca asRNA, although highly structured harbouring two extended loop regions, has one discrete cluster of ten nucleotides A56-C66 (labelled green in Figure 3C ) residing in the otherwise very accessible loop, that are protected from methylation in the presence of Hfq. Furthermore, induced fit upon binding of Hfq was observed, detectable by weak enhancements (labelled orange throughout Figure 3 ) in P1 and P3 regions. Also further weak enhancements at single-stranded cytosines showed higher accessibility upon protein interaction. Figure 3D shows the footprinting results for the ptsL/ manX asRNA. Strongly modified and hence accessible nucleotides are located between A24 and A30 and from A45 to C58, the latter representing the stretch of highest accessibility in this RNA, which maps perfectly to the secondary-structure prediction. A similar change of modification pattern upon Hfq binding as seen for the cca asRNA could also be observed for this RNA. We detected a region of eleven successive protections in the loop J4a/4b (A45-A57) and enhancements in P3, again indicating an induced fit upon Hfq binding.
For the third tested aptamer, located in the iclR mRNA, again a large accessible loop was detected, which is protected upon Hfq binding between position A13 and A23 ( Figure 3E ). In addition, a second accessible domain between positions A41 and A52 is protected. Either the sequences harbour a second Hfq binding site or a stabilization of the suboptimal secondary-structure could occur. However, the latter possibility is rather unlikely since most of the affected nucleotides are predicted to be accessible even if the stem-loop conformation forms.
From the DMS footprinting data, we conclude that the predicted enriched motif 5 0 -AAYAAYAA-3 0 , is indeed an interaction site for Hfq, because in all three tested RNAs, the motif is present and protected from DMS modification after incubation with Hfq. However, we are aware that the predicted motifs may change if regions with a different coverage (e.g. clusters of size <2) are included in our motif analysis.
The binding affinities for four selected RNAs (as-cca, as-ptsL, ig-proX/ygaX and as-metH/icIR) were determined via electrophoresis mobility shift assays. In vitro transcribed 5 0 g-32 P labelled RNAs (0.01 nM) were incubated with increasing amounts of Hfq 6 as indicated in Figure 4 . K 1/2 values ranged from 0.2 nM for as-metH/ icIR to 11 nM for ig-proX/ygaX. The Hill coefficients suggest that more than one Hfq 6 complex binds to the RNAs. These affinities are indeed stronger than those of known Hfq-binding small RNAs. For example, the well-studied DsrA RNA binds with a K d of 18 nM Hfq 12 (or 36 nM Hfq 6 ) and the rpoS mRNA 146 Hfq 6 (30) . The RNA with the highest affinity to Hfq known is the sodB mRNA, which has a K d of 2 nM (56). The 5 0 UTR of this mRNA has the exact Hfq-binding motif we identified here.
Expression profile of cis-antisense RNAs
As the identified cis-antisense RNAs originate from a genomic DNA library, we next asked under which conditions they are expressed, if at all. We isolated total RNA from cells exposed to different growth conditions and studied expression patterns via RT-PCR. We analysed 11 transcripts (cca, ptsL, ydbJ, ybdQ, mtlA, ptsI, pqi5, sprT, phoR, ybjJ and ftsQA asRNAs) and found all of them to be expressed ( Figure 5A ). While they all show individual expression profiles, we repeatedly found that expression in stationary phase is lower than during exponential growth (9 out of 11 RNAs). For the remaining two RNAs (ptsL and ptsI asRNAs), expression is equally low both in stationary and exponential phase. Most are much higher expressed under stress than under optimal conditions. Since we observed expression for all transcripts investigated, we assume that most, if not all, of the cis-antisense RNAs identified in our screen are expressed likewise, suggesting that transcription from the antisense strand of protein coding genes might be much more prevalent than hitherto presumed. In addition, genome-wide low level transcription from opposite protein coding regions has been observed in a tiling array study of E. coli antisense genes, although expression of detected transcripts was not examined further (57) .
A strong argument that the selected Hfq aptamers are indeed part of expressed RNAs that bind Hfq also in vivo comes from a recent report on a global study of Hfq-binding RNAs in Salmonella typhimurium. A high throughput approach was performed to identify Hfq target RNAs by co-immunoprecipitation of Hfq followed by deep sequencing (32) . With this approach, a small set of antisense transcripts was detected. We compared the E. coli genes containing genomic Hfq aptamers on the antisense strand with the Salmonella antisense RNAs and found 93 antisense RNAs to overlap in both screens. Note, that many Salmonella genes cannot be annotated to E. coli genes.
We further estimated the approximate size of the cisantisense RNAs, which contained Hfq aptamers by strand specific RT-PCR and primer walking. As a typical example we show in Figure 5B the result for the cydD asRNA. The cydD asRNA is at least 1073 base pairs long ( Figure 5C ). We further tested three additional asRNAs (cca, tldD and yjeH) and all are at least 1 kb long (data not shown).
Next, we aimed to quantify expression of cca asRNA more precisely using qRT-PCR. In addition, this approach allowed us to quantify previously reported unspecific cDNA synthesis (58) and assess the portion to which it influences target signal. Unspecific cDNA synthesis can be a consequence of back-looping or other internal structure of the target RNA. Otherwise, it can be an effect in which short degradation products of either RNA or DNA serve as random oligonucleotides which lead to general reverse transcription which then compromises strand specificity. To monitor this artefact, we introduced a novel control-NPC in which addition of any primer during the RT is omitted.
We quantified levels of sense and antisense cca transcript in two different growth conditions; exponential phase of growth and under acidic stress. Based on size of cca asRNA derived from primer walking (data not shown), two primer pairs were designed giving amplicons on each end of both opposing transcripts. Resulting cca and htrG/ygiM amplicons lie towards the 5 0 -and 3 0 -ends of the antisense transcript, respectively, and inversely in case of sense transcript. Resulting expression level of sense transcript is considerably high and ranges from 10 Â 10 6 to 27 Â 10 6 copies while antisense transcript level is $2Â10
5 copies per microgram of total RNA ( Figure 6 ). Most importantly, unspecific cDNA synthesis gives rise to only 4000 copies per microgram and hence does not influence detection of endogenous transcripts.
Considerably similar levels of cca asRNA obtained from both amplicons (Figure 6 ) imply that indeed they belong to the same endogenous transcript. This serves as a verification of long antisense transcripts, existence of which we are reporting here. 
Location of Hfq aptamers within E. coli genes
From the total reads shown in Figure 1D , 84% are located within annotated E. coli genes, whereby 15% map to the sense strand of mRNAs and 69% map to the antisense strand. Thus, Hfq aptamers are 4-fold more frequent on the antisense strand than the sense strand. Reads (9.9%) were in regions that are not annotated and only 0.5% within non-coding RNAs.
We further looked more closely asking whether Hfq aptamers were evenly distributed within genes or whether there are positions where they are enriched. Figure 7A shows the relative enrichment of Hfq genomic aptamers as compared a control 'neutral' selection (35) relative to their distance to the translation start and stop sites. Most interesting is that coding regions are unenriched, whereas there is a peak surrounding the start site and reaching into a few codons into the coding region. There is a strong enrichment of Hfq aptamers antisense to the translation start site. Figure 7B shows the distance of Hfq aptamers relative to the translation termination site. Here again the enrichment in the antisense strand is remarkable when compared to the sense strand, suggesting that codon regions should be devoid of Hfq aptamers. There is a slight increase of aptamers mapping downstream of the stop codon. However, when looking closer into this phenomenon, we observed that most of these are located opposite to intervening sequences between two ORFs in polycistronic mRNAs.
A typical example of such an Hfq aptamer is the ycbU/ ycbV asRNA ( Figure 8A ). This aptamer lies opposite to a 4 kb polycistronic RNA coding for the ycb operon containing genes ycbS, T, U, V and F and the aptamer lies opposite to the intervening sequence between ycbU and V. been detected in a tiling array screen in Listeria monocytogenes (59). It's mRNA codes for a predicted fimbrial-like adhesin protein.
Another typical example of the location of Hfq aptamers is the cca aptamer located opposite to the intervening sequence between the htrG/ygiM and the cca genes ( Figure 8B ). This antisense RNA was also pulled down in Salmonella (32) and the mRNA is up-regulated in the absence of Hfq in E. coli (53) .
A third example is the wzzE asRNA located antisense to the 5 0 -end of the coding sequence. wzzE codes for the modulator of the polysaccharide chain length of the Enterobacteria common antigen (ECA) and lies in a 13-kb-long polycistronic operon coding for 12 genes. These genes code for proteins involved in the biosynthesis of the ECA and most of the antigens interact with hosts. Interestingly, we obtained 11 genomic Hfq aptamers within this operon, most antisense but for example there is one position where we obtained genomic aptamers on both strands just close to the 3 0 -end of the wzxE gene ( Figure 8C ).
DISCUSSION
Genomic SELEX is a powerful tool to identify genomic aptamers
The first small regulatory RNAs were initially discovered by chance or due to their high abundance (60) . Their relevance was only appreciated later when systematic computational searches looking for secondary structure, sequence conservation and orphan promoters and terminators in intergenic regions revealed a large number of small RNAs in many different bacteria (61) . More recently, small RNAs have been discovered by cDNA cloning (RNomics) (7), by co-immunoprecipitation coupled to microarray analyses (6) and more lately by deep sequencing of total RNA (32). Here we describe an alternative and complementary approach to detect regulatory domains within RNAs, Genomic SELEX. While computational prediction is a knowledge-based approach, cloning and deep sequencing is dependent on the expression levels of the RNAs, limiting the discovery to those RNAs that have already known properties or are expressed at the analysed conditions. Genomic SELEX overcomes both limitations, as the initial library pool used to select RNAs is derived from genomic DNA, and no predictions have to be made. The selection procedure does, however, favour the selection of sequences with lower structural stability and specific nucleotide content, but the positive selection forces exceed the biases imposed by the SELEX procedure (35) . The key step in Genomic SELEX is the selection of the protein that serves as bait. We chose the regulator protein Hfq, due to its properties. Hfq displays chaperone activities (27, 29, 30, 62) and binds a very large number of quite different RNAs with variable affinities (13, 18, 63) . We enriched the SELEX pool aiming at isolating high affinity binding RNAs in the low nanomolar range. Deep sequencing of the enriched SELEX pool revealed 1522 individual aptamers with varying representation in the pool. The most enriched sequences were present over 100 times, and 775 were obtained only once. We assume that by further sequencing more sequences will be obtained.
Therefore, we conclude that genomic SELEX is a valuable approach to identify regulatory domains within RNAs provided the choice of the bait is appropriate. We performed in parallel to the Hfq selection, a selection for high affinity binders to another E. coli protein with RNA chaperone activity, StpA, which does not bind RNAs specifically and no RNAs were enriched (64) . This indicates that only specific binders survive the procedure and are enriched.
Genomic aptamers
RNAs enriched via Genomic SELEX do not represent bona fide RNA molecules, but represent domains within putative RNAs that provide high affinity to the ligand used as bait. We therefore define the term 'genomic aptamer' as a domain within RNAs that recognizes specific ligands and as a consequence might act as regulatory element. The aptamer domains within riboswitches are typical examples of genomic aptamers that bind the metabolite of choice and induce a regulatory switch (65) . The outcome of our Genomic SELEX against the regulator protein Hfq is a collection of short sequences that bind with high affinity to Hfq and have the potential to act as regulatory elements.
Genomic Hfq aptamers are highly enriched in the antisense strand of protein coding genes
The most unexpected outcome of our Hfq aptamer analysis is their mapping to the antisense strand of protein coding genes. Until recently, most antisense RNAs in E. coli were thought to act in trans and to have only limited complementarity to their target RNAs. Mainly plasmid-encoded small RNAs were transcribed from cis-antisense strands resulting in transcripts with potentially extensive complementarity. Recently, a few examples have been reported for chromosomally encoded homologues of the plasmid hok/sok and hok/ sok-like systems. These antisense RNAs are called 'antitoxin' RNAs, as they inhibit the expression of short toxic peptides (66) . They act by base pairing across the ribosome binding site blocking initiation of translation and often activating cleavage and leading to degradation of the whole mRNA. Two examples of cis-acting antisense RNAs are the SymR RNA, which is complementary to the Shine-Dalgarno (SD) sequence and extends into the coding region of the symE mRNA across the AUG start codon (67) and the sok RNA, which is complementary to the SD sequence of the mok mRNA, which needs to be translated to mediate translation of the hok mRNA (68, 69) . Further examples of antitoxin RNAs are the Sib and OhsC RNAs (70) and the IstR RNA (71) , which act by competing with the ribosome by base pairing to the ribosome standby site $100 nucleotides upstream of the SD site (72) . These antitoxin RNAs, are from their site of expression and mode of action, clearly cis-acting antisense RNAs reminiscent of the Hfq-aptamers identified in this study. Like the majority of the Hfq aptamers, they map antisense to protein coding genes just opposite of the translation initiation site spanning the SD sequence and the AUG start codon. It is, however, not known whether Hfq plays a role in promoting the interaction of the antitoxin RNAs with their target RNAs. However, it is conceivable that these RNAs need some feature to make base pairing more efficient. For example, some of these RNAs are highly structured and their base pairing is facilitated by loop-loop interactions, which might contain a U-turn loop structure (73) . Alternatively, for less structured RNAs, which cannot present a loop to facilitate base pairing, a Hfq binding site might be able to accelerate the interaction of the mRNA with its antisense RNA.
In line with this idea is the recent finding that a short motif 5 0 -AAYAA-3 0 within the rpoS mRNA leader greatly affects the annealing rates of the sRNA DsrA to its target rpoS mRNA. Hfq accelerated the annealing of DsrA to the rpoS mRNA more than 50-fold. Deletion of the 5 0 -AAYAA-3 0 motif from the rpoS leader mRNA had only a slight effect on the binding affinity to Hfq, but it practically abolished Hfq's capacity to accelerate DsrA/ rpoS annealing (31). The 5 0 -AAYAA-3 0 motif is contained within the identified motif of the genomic Hfq aptamers. This would indicate that these motifs could be involved in promoting annealing of the antisense RNAs with their target sequences.
Enrichment of Hfq aptamers opposite to translation start sites and to intervening sequences between ORFs of polycistronic transcripts
From the analysis of the position of Hfq-aptamers relative to start and stop codons three interesting observations become apparent. (i) Significantly few Hfq-aptamers map to the coding regions on the sense strand compared to the antisense strand. This suggests that there might be a reason for coding regions to be devoid of Hfq-binding sites. This is in line with a very recent report that the MicC sRNA targets the ompD mRNA downstream of its start codon with a 12 base pair complementary region in codons 23-26. This sRNA-mRNA interaction does not inhibit translation initiation but leads to an RNase E-dependent degradation of the mRNA (74) . Thus, the presence of Hfq-binding sites within codon regions might be a destabilizing factor that mRNAs should avoid. (ii) The genomic aptamers are enriched antisense of the SD and start codons suggesting that they might be able to regulate translation. This is reminiscent of the cis-encoded antitoxin RNAs (66, 67, 69) , and finally (iii) there is an enrichment opposite to intervening sequences between ORFs in operons, suggesting that Hfq aptamers might influence the processing and individual expression of genes within operons. There is one example of a small cis-antisense RNA, GadY, where its pairing to the region between the gadXW mRNAs leads to cleavage between the two ORFs and to stabilization of gadX mRNA (75, 76) .
The physiological roles of Hfq are still not completely understood. It is clear that Hfq serves as an accelerator of RNA annealing between regulatory RNAs and their targets, but for example in Staphylococcus aureus, Hfq lacks the C-terminal domain required for interaction with A-rich domains of mRNAs and it is not required for the function of regulatory RNAs. Our results suggest that Hfq might be involved in establishing a balance between pairs of sense/antisense transcripts. Because antisense transcripts are much less abundant than sense RNAs, we must assume that their role can only manifest when their expression is induced or when their cognate mRNA is repressed. A possible role for these antisense transcripts containing Hfq aptamers might be to inhibit translation of their cognate mRNAs, when their concentration is not higher than that of their cognate antisense pair. Our study expands the repertoire of Hfq targets to a new class of molecules, large cis-antisense transcripts. Their functions remain to be revealed, but our results point to a potential regulatory function in translation and in the differential expression of individual genes within operons.
